The paper presents a comparison between two energy conversion methods for a multi-modular axial flux machine used for wind energy conversion systems, namely: Sequential Command for series connected two-level converters and a Multilevel NPC converter. The Sequential Command is the shift of the carrier signals for the neighbouring two-level converters connected in series in order to minimize harmonic distortion. A phase disposition PWM is used for Multilevel NPC since it offers much lower harmonic content. The comparison takes into account both harmonic content of current and torque waveforms and losses in the converter.
Introduction
In recent years, Axial Flux (AF) Permanent Magnet Synchronous Generators (PMSGs) have gained more popularity compared to Radial Flux (RF) PMSGs particularly for low speed drives such as wind energy conversion systems (WECSs). This is mainly due to its higher power density and high torque to weight ratio [1] . A Multi-Modular AFPMSG is proposed in [2] , where such a configuration allows higher power output with same radial length and more reliability and redundancy due to the absence of magnetic mutual coupling between modules.
The WECSs with Sequential Command was proposed in [3] . The conversion system involves the connection of a two-level IGBT converter with each module of the machine. All modules are connected in parallel on the DC side. The carrier signals of the neighbouring converters are shifted according to suited angles obtained by an analytical approach in order to eliminate the harmonics in the overall electromagnetic torque and DC side current.
An alternative for multiphase machines energy conversion is the use of Multi-Level Inverters (MLI). In fact, the MLIs are preferred to two-level converters because of their lower harmonic injection and lower torque ripples for the same switching frequency [4] . However, they have higher number of switches and a complex gating circuitry that increase the overall complexity of the system.
In the present paper, a comparison between Sequential Command for two-level converters and a Multilevel converter is presented. As for the generator, a four module AFPMSG is considered. As for the converters, two simple and common configurations have been chosen for the comparison, namely: four two-level (2L) converters connected in series with Sequential Command (Figure 1a) where each converter is connected to a module of the machine. The other configuration considers the series connection of the four module AFPMSG connected to a five-level (5L) NPC [5] (Figure 2a , b). The modulation technique used for the 5L NPC is the phase disposition (PD) PWM since it has the lowest harmonic content compared to phase opposition disposition (POD) PWM and alternative phase opposition disposition (APOD) PWM [6, 7] .
The paper is divided as follows: Section II presents the WECS connected to two conversion schemes. The data of a module of the machine is reported as well. Section III compares the performances of the two conversion schemes in terms of harmonic content and THD% of both the ac current and the electromagnetic torque obtained from simulations. Finally Section IV compares the converter losses in both schemes by means of an accurate model that calculate the losses in simulations. An overall comparison between the two schemes is presented.
Wind Energy Conversion Systems Under Study
The WECS considered in this paper is a four-module AFPMSG directly driven by the wind turbine (WT). The machine data for one module are reported in Table I . Each module is connected to a 1.6 kV dedicated two-level converter and all converters are connected in series on the DC side as highlighted in Figure 1a . The modulation is SPWM with sequential command in which the carrier signals of the converters are shifted among them such that each carrier phase angle is ψ c 1 = 0 o , ψ c 2 = 90 o , ψ c 3 = 180 o and ψ c 4 = 270 o as shown in Figure 1b . The control of individual dc bus voltage for series connected converters was discussed in deep in [8] . The SPWM with sequential command conversion system is compared with a 5L NPC where the PD PWM modulation is used as depicted in Figure 2 with the AFPMSG module windings connected in series in order to elevate the line to neutral EMF to four times that of each module.
The total DC voltage V d is kept the same for both configurations at 6.4 kV. The total number of IGBTs are the same for both configurations and have the same reverse blocking voltage ( V d 4 ). These considerations allow the use of the same switch for both configurations and having a meaningful comparison between the two configurations. The comparison deals with both harmonic content and total converter losses.
Harmonic Content Comparison
An approximated analytical expression for the electromagnetic torque and the dc bus voltage was developed in [3, 9] , which shows the main harmonics in the torque and the dc voltage along with the dependencies of each harmonic on the shift angle of the carrier signal ψ c µ where µ is the module number (here, µ = 1, 2, 3, 4). Such analytical approximated expression proved to be accurate for estimating both harmonic order and amplitudes for both the torque and dc voltage when compared with results of a Simulink model [3] . The choice ψ c µ = {0 0 , 90 0 , 180 0 , and 270 0 } cancels the harmonics of the order (h = m f ± 3, 2m f , 3m f ± 3 where m f is the frequency modulation ratio) and the least order harmonics left in the torque and voltage expressions is 4m f . For this reason, such choice of the carriers signals shift achieves a much lower harmonic content than the normal SPWM where the least order harmonic is m f − 3 [9] .
Both conversion systems presented in Section II are implemented in Matlab/Simulink. Each module of the machine is modeled by standard two-axis d-q model of PMSM and the classical FOC is implemented, the machine is vector-controlled to operate in maximum torque-per-ampere (MTPA) conditions. It is assumed that the total DC bus voltage is kept constant by the grid side converter which is modeled as current-controlled source. The chosen m f is as low as 15 in order to minimize the switching losses.
Figures 3a, 4a and 5a
show the four machine modules with the 2L converters phase "a" currents (i a1 , i a2 , i a3 , i a4 ), individual dc voltages (v d1 , v d2 , v d3 , v d4 ) as well as the torques of each module (T e1 , T e2 , T e3 , T e4 ) respectively at the rated frequency f n . It is evident the shift of the harmonics via the Sequential Command of the converters in all waveforms.
Figures 3b,4b and 5b present the simulation results for both 2L converters with sequential command and 5L NPC at f n . Table II torque for both conversion systems. Some notes can be made:
• Fig. 3b shows the ac current of one of the converter legs for both converter schemes i a(2L) , i a(5L) where it can be seen that the harmonic content of the normal SPWM is higher than 5L NPC with PD PWM modulation ; the same apparent from the values reported in table II; • however, despite the higher harmonic content in the ac current, the harmonic content of the dc voltage and torque is considerably lower due to the sequential command and harmonic cancellation ( Figs. 4b and 5b ). The simulations for both 5L NPC and the four 2L converters driving the 4MW four modules AFPMSG are repeated at different frequencies covering the frequency range. The power generation to the grid ranges between the cut-in speed (normally 0.3-0.35·Ω n ) up to the rated one Ω n . Since the ratio between DC bus voltage and the line to neutral EMF for both cases is the same ( V d 4 and E for the two level converter and V d and 4 · E for the 5L NPC) and the machine frequency is equal, the amplitude modulation index m a for both schemes is equal. Figure 6 shows the simulation results for the THD% of the ac current, dc total voltage and total torque for both 2L converters and the 5L NPC. It can be seen that for the ac current THD (T HD I a ) 6a, the 5L NPC has a lower THD% for the whole frequency range. However, focusing on both the dc voltage and torque THD% (T HD V dT , T HD T eT ) in figures 6b and 6c, the effect of sequential command for the 2L converters can be seen as it has lower THD% for almost all the frequency range. 
Converter Losses Comparison
Starting from a built-in Simulink model [10] , an accurate model for the converter losses estimation is realized in Matlab/Simulink where the losses calculation is done every simulation instant t x . A heatsink is designed as well using Simscape blocks from the thermal foundation library to build a two-cell thermal network based on the thermal capacitances (case and heat sink) and resistances (case-to-sink and sink-to-ambient) [11] .
Both converters are comprised of IGBTs modules, made by transistors and free wheeling diodes. As for the diode losses, they are split into reverse recovery loss (P rr,D ) and conduction losses (P on,D ). They can be expressed as:
where, E rr−D is the reverse recovery energy loss which is calculated via 3-D table (based on the specification found in the switch manufacturer's datasheets) that relies on the pre-switching value of the current flowing in to the diode i f ,D (t), post-switching value of the voltage across the device u f ,D (t), and the junction temperature T J (t). The on-state voltage u f ,D (t) is evaluated by a 2-D look up table from the values of i f ,D (t) and T J (t).
As for the transistor losses, they are split into switching on and off losses (P sw(on),T , P sw(o f f ),T ) and conduction losses (P on,T ), which can be expressed as:
where, E sw(on),T and E sw(o f f ),T are turn-on, turn-off switching energy losses respectively; they are determined by the help of a 3-D lookup table whose inputs are pre-switching value of the voltage across the transistor u ce,T (t), post-switching value of the current flowing into it i c,T (t), and T J (t). The saturation voltage (u ce,T (t)) across the IGBT it is determined via a 2-D lookup table from the values of i c,T (t) and T J (t). All the power losses are then injected into the thermal network in order to emulate the behaviour of a real system and find the new value of T J .
All the values needed to construct the 2-D and 3-D lookup tables (used to determine the losses) are extracted from the switch manufacturer's datasheet. A numerical low pass filter is used to reconstruct the continuous switching power losses from the discrete switching power losses. Finally, the total losses of a converter are given by the summation of the losses of total number of diodes and IGBTs.
Since in both configurations the rated current that flows into converter legs is the same (915 A) and the partial voltage across each switch is also the same (1.6 kV), the switch chosen for both configurations is the same whose data is reported in Table III . Converter Losses at f n The diodes in 5L NPC serve two purposes: free-wheeling diodes (FWD) for the IGBTs and the clamping diodes. Thus a comparison between the losses in FWD diodes per leg for the 5L and four 2L converters are presented in figure 7a . It can be seen the losses in the diodes in the 2L converters are higher than those in 5L NPC. This is because the conduction patterns for the four 2L converters under SPWM have more switching instants and longer conduction periods compared to those in 5LNPC. Figure 7b reports the conduction losses in the clamping diodes per leg of the 5L NPC while figure 7c shows the total losses in all diodes per leg in both configurations. Despite the presence of clamping diodes in the 5L NPC, the losses in the diodes for the four 2L converters are higher. Fig. 7 : a) FWD diodes reverse recovery, conduction and total losses for both 5L and 2L converters. b) Conduction losses of the clamping diodes in the 5L converter at f n . c) Total losses for the total diodes in both 5L and 2L converters at f n Similarly the losses in the IGBTs for both configurations are presented in figure 8 . It can be seen that the conduction losses for both configurations is more or less the same which is because the same current passes through the switch and the total number of IGBTs are the same. As for the switching losses, IGBTs in 2L converters have higher switching instants than their counterparts in 5L NPC under PD PWM.
By summing all losses in diodes and IGBTs, the total losses/leg can be obtained in figure 8c where the average losses for the group 2L converters and 5L converter are 3.8 kW and 2.92 kW respectively. Therefore, the maximum losses (at f n ) in the 5L converter is 24% lower than the group of 2L converters. 
Converter Losses for Overall Frequency Range
The simulations are repeated at different frequencies across the frequency range. The conduction, reverse recovery losses of the FWDs for both 5L and 2L converters along with the conduction losses of the clamping diodes in the 5L converter are shown in figure 9a . The behaviour of the losses in FWDs for the two level converter is always higher than the losses in 5L NPC. Moreover, for the 5L NPC scheme, as the modulation index decreases the number of levels utilized decreases. In fact when m a drops below 0.5, the losses in the FWDs become zero. Figure 9b shows the losses for IGBTs for 5L and 2L converters. As mentioned earlier, the conduction losses in 5L converter is more or less equal to those of 2L converters since the current flowing in the switches are exactly the same for both configurations. While, the switching losses are lower in case of the 5L NPC and when m a drops below 0.5 and the number of levels utilized decreases the switching losses in the 5L NPC becomes much higher than those of the 2L converters. Figure 9c shows the total diode losses along with total IGBTs losses for both converter topologies. Figure  10 shows the total converter losses for both topologies across the machine frequency range where it can be seen that the losses in the 2L converter are always higher than the 5L converters losses for the overall frequency range.
Some conclusions can be made comparing both the performance and the losses for both topologies:
• the losses in the series connected 2L converters configuration is relatively higher compared to the 5L NPC considering the operation at different frequencies across the frequency range. However, it was shown in the previous section the superiority of the 2L converters with sequential command in terms of lower harmonic content in the overall torque and dc voltage;
• furthermore, the SPWM modulation and gating circuits for 5L converter is more complicated compared to the simple SPWM modulation of 2L converter [12] ;
• finally, the series configuration provides a higher redundancy and reliability since, in the event of a converter failure, switch sµ (in figure 1) shorts out the faulted converter and the rest of the converters can still transfer power at lower level. Moreover, Sequential Command can be reprogrammed for the new configuration in order to have lower THD%. For example in case of one converter failure, the lowest THD% can be achieved by adopting ψ cµ = {0 0 , 120 0 , 240 0 }. Fig. 9 : a) FWD diodes reverse recovery, conduction losses for both 5L and 2L converters and conduction losses for the clamping diodes confronted with m a across the frequency range; b) IGBT conduction and switching losses for both 5L and 2L converters over the frequency range. c) Total losses in IGBTs and all diodes for both 5L and 2L converters over the frequency range. Fig. 10 : Total converter losses for both topologies: 5L NPC and four two level series converters. 
Conclusion
This paper proposed a comparison between two wind energy conversion topologies: four two level converters connected in series with sequential command SPWM and a 5L NPC converter with PD PWM modulation. The WECS considered is a four modules AFPMSG directly driven by a WT. The comparison is based on simulations performed by Matlab/Simulink. Two aspects were considered in the comparison, namely harmonic content and converter losses.
The four series connected converters with sequential command offers a better overall torque waveform and dc voltage thanks to the cancellation of targeted harmonics despite more distorted phase currents than the 5L NPC one. An accurate model for the losses calculation in Matlab/Simulink was also used which calculates the converter losses every simulation instant t x . It was shown that the losses in the four 2L converters are relatively higher compared to the 5L NPC for all the frequency range of the WECS. However, the 2L converters configuration offers higher redundancy, reliability and simplicity of gating circuits compared to the 5L NPC converter. Future work will concern experimental work for both configurations.
